The transposition and excision rates of the 412 retrotransposable element were estimated in five populations of Drosophila simuluns differing in their average 412 copy numbers, which ranged from 2 to 54. The transposition rate was found to equal 1 X low3 to 2 X 10m3, independently of copy number. No excision was detected. These values eliminate autoregulation as a force maintaining copy number of the 412 element in natural populations of D. simulans.
Introduction
Transposable elements (TEs) are common genomic components of many organisms, but the forces that maintain them in populations are still a matter of speculation. TE copy number seems to be maintained in populations as a result of a balance between transposition, which increases the number of copies, and opposing forces, which tend to reduce it. These forces include self-regulation (the regulation of the rate of transposition, or excision, with increasing copy number), selection against insertion mutations, and induction of deleterious chromosome rearrangements by ectopic exchange (unequal recombination) between TEs (Langley et al. 1988; Charlesworth and Langley 1989) .
The elimination of a possible role for self-regulation of transposition is based on the often-observed excess of transposition over excision events in laboratory stocks and natural populations, because equality of these rates is expected at equilibrium (Montgomery, Charlesworth, and Langley 1987; Langley et al. 1988; Charlesworth and Langley 1989) . Many populations are not at equilibrium for TE copy numbers, however, but mainly in the process of gaining sites. Indeed, the few studies dealing with transposition and excision rates do not reveal any evidence concerning the stability of TE copy number in the Drosophila stocks used. On the contrary, there is evidence of an increasing number of copies of Dot, roo and copia in highly inbred lines over a period of 160 generations (Nuzhdin and Mackay 1994) . The transposition rate estimated in this study varied from 1.3 X 1O-3 for copia to 4.2 X 1O-5 for Dot, with almost a complete absence of excision for these elements. An analysis of P insertions during 200 inbred generations shows an increase in P copy number before reaching a plateau where transposition and excision rates were equal to 1.2 X 10e3 to 3 X 10m3 (Biemont 1994). Hence, even for the P element for which we have evidence of self-regulation, many generations are necessary before an equilibrium is attained. Recently, it has been reported that the transposition (7.7 X 10m4) and excision (1.7 X 10m4) rates of six TEs in natural populations (Suh et al. 1995) are much higher than the rates estimated in laboratory populations, which were around 10m6 to 1O-5 (Harada, Yukuhiro, and Mukai 1990) .
Although under self-regulation of copy number the rate of transposition should decrease with increasing copy number, allowing this hypothesis to be tested, we are aware of only one experiment done in Drosophila in which transposition rate was estimated directly in laboratory strains differing for their copia copy number (Nuzhdin, Pasyukova, and Mackay 1996) . This experiment reports a positive association between transposition rate and copy number for the copia element among the laboratory stocks tested (Nuzhdin, Pasyukova, and Mackay 1996) . We are thus in crucial need of estimates of rates of transposition and excision in various natural populations. Here we have estimated transposition and excision rates of the retrotransposable 412 directly in male genomes of five natural populations of Drosophila simulans. These populations differed in their 412 copy numbers which ranged from 2 to 54 per haploid genome. The observed values of both rates were found to be independent of copy number, with rate of transposition (1.1 X 10-3) at least an order of magnitude higher than rate of excision.
Materials and Methods
Males from five natural populations of D. simuluns from geographically distinct localities (Papeete: Polynesia, Amieu: New Caledonia, Madagascar, Moscow: Russia, Canberra: Australia) and which differed in their 412 copy numbers ranging from 2 to 54 per gamete (Vieira and BiCmont 1996u) , were crossed individually with a batch of 5-10 virgin females of an inbred line Makindu from Kenya which had only two insertion sites (21A of the 2L chromosome arm and 42C of the 2R arm). Localization of the 412 insertion sites was determined by in situ hybridization on polytene chromosomes from salivary glands of third instar Fi hybrid larvae (Biemont 1994). Thirty to sixty F, larvae per cross were analyzed for their 412 insertion profiles. The insertion profiles of male gametes were obtained directly by subtracting the characteristic profile of the highly inbred line from that of the hybrid larvae. Indeed, since only one male was considered per cross, and because there is no recombination in Drosophila males, it was possible to visualize the insertion profiles of the ho- a The number of males analyzed is in parentheses after the name of the population.
b Since the chromosomes segregate independently, the lowest and highest possible numbers of copies per haploid genome (gamete) of each male are given. c The two insertion sites of the Makindu line and the seven sites of the Madagascar line were included in the total number of insertion sites used in the calculus, because transposition may concern both the line and the populations crossed.
d The confidence interval of the transposition rate is in parentheses. It was calculated as p, + 1.96v(p(l -p)/N), where lo is the transposition rate and N is the number of insertion sites. e The confidence limit for the transposition rate when no transpositions were observed was calculated assuming that transpositions follow a Poisson distribution. The upper confidence value for the transposition rate, p., can be estimated in the case of lo = 0 (Moscow population) by calculating the value p.,,, such that the probability of no new sites does not exceed 0.05. Solving eeNh = 0.05 leads to Np,,,, = 2.99. The upper confidence limit for the rate of transposition in the Moscow population in which no events were observed is thus 2.99/1&U = 2.1 X 10-3, and the upper limit for excision rate over the 6,286 sites of all the populations analyzed is 4.8 X 10m4.
mologous chromosomal sets of each male. The direct estimation of transposition (excision) rate was thus calculated as the number of new insertion (excision) sites/ total number of insertion sites observed on the ensemble of gametes from all the Fi larvae analyzed for a given male. Table 1 shows that the transposition rate averaged over the five populations analyzed (males crossed with females Makindu) was equal to 1.1 X 10e3. No excision was observed, suggesting an excision rate lower than 4.8 X 10m4. To eliminate the possibility that the observed values of transposition rate actually reflected a high rate in the Makindu line used in crosses, we crossed three males from the Amieu population with females from another inbred line, Madagascar, which had seven homozygous insertion sites (4DE, 31D, 42C, 67A, 87CE, 93E and 98F). One new 412 insertion site was observed over a total of 788 sites (this includes the sites of both the Amieu males and the Madagascar females since new insertion sites could originate from transposition in any population; see table 1). The transposition rate, 1.3 X 1O-3 in this experiment, was close to that estimated with the Makindu line (1.8 X 10w3). The high values of transposition rate reported here thus rightly characterize the natural populations studied independently of the inbred line used in crosses. Because of the low number of new insertions found (one or two per population sample, seven in the ensemble of populations), the confidence intervals of the estimated transposition rates are large, with values ranging from 3 X 1O-4 to 2 X 1O-3 for the data on the pooled populations (see table 1 ).
Results and Discussion
The high values of 412 transposition rate in D. simulans are compatible with some estimates on other elements from laboratory experiments on Drosophila melanogaster (Woodruff, Blount, and Thompson 1987; Eggleston, Johnson-Schlitz, and Engels 1988; Harada, Yukuhiro, and Mukai 1990; Nuzhdin and Mackay 1994, 1995; Dominguez and Albomoz 1996) , but are higher than the indirect estimates of around 1O-4 reported for 412 and various other elements in natural populations of this species (Charlesworth and Lapid 1989; Charlesworth, Lapid, and Canada 1992a) . Such high values, in addition to the difference between transposition and excision rates, may indicate that the D. simuluns populations were not at equilibrium for 412 copy number but were in the process of gaining sites, as is sometimes reported for laboratory populations (Nuzhdin and Mackay 1995; Nuzhdin, Pasyukova, and Mackay 1996) . Although such a hypothesis may well apply to the Canberra population which had a very high 412 insertion site number, suggesting a possible derepression of the 412 element, it is unlikely for populations with very low copy numbers. In the present experiment we are dealing with exact transpositions observed in haploid genomes at a given generation and not with number of new sites seen in populations during a generation period. We therefore cannot know whether the populations analyzed were in the process of gaining sites or were stable for their 412 insertion site number. Nevertheless, the fact Downloaded from https://academic.oup.com/mbe/article-abstract/14/2/185/1083936 by guest on 12 February 2019 that all populations, except Moscow exhibited similar transposition rate values of 0.9 X 10m3 to 2 X lop3 strongly suggests that these values characterize well the 412 element in these populations, independently of copy number and excision rate. The absence of new insertions in the Moscow population, instead of reflecting a true absence of transposition may be due simply to the low expected number of novel insertions, which was not observed; indeed, according to the 1,444 insertion sites checked, an upper confidence limit for transposition rate of 3 X 1O-3 was calculated for this population, a value of the same magnitude as those observed for the other four populations (see table 1 ).
The absence of any relationship between transposition rate and copy number in our natural populations of D. simulans seems to be at variance with the recent positive association found for the copia element in Drosophila melanogaster inbred lines (Nuzhdin, Pasyukova, and Mackay 1996) . The high increase in transposition rate in the Nuzdhin, Pasyukova, and Mackay (1996) experiment occurred, however, at higher copy numbers than are typical of our natural populations. This suggests that such an association may characterize laboratory populations (Nuzhdin and Mackay 1995) or that the nature of the selection forces opposing transposition may differ between transposable elements. Self-regulation of 412 copy number, which implies the regulation of transposition rate with increasing copy number and the equality between transposition and excision rates at copy number equilibrium (Charlesworth and Langley 1989 ) is thus clearly excluded from our data on natural populations. Moreover, this high value of transposition rate found in D. simulans eliminates the hypothesis that a low rate could account for the observation that the number of copies scattered over the chromosomes of D. simulans is only one third that in D. melanogaster (Dowsett and Young 1982; Biemont 1996a, 1996b) . This confirms indirect evidence that suggested transposition rates of the same magnitude in both species (Eeken, De Jong, and Green 1987; Inoue and Yamamoto 1987) .
It has been shown that the copy number of the 412 element varies greatly among natural populations of D. simulans, ranging from l-4 in East Africa and Pacific Ocean Islands to 20-60 copies per diploid genome in regions of the north hemisphere and Australia (Vieira and BiCmont 1996a) , this copy number being, moreover, positively correlated with latitude (unpublished results). It is tempting to conclude that a high 412 transposition rate could be associated with the present capacity of the D. simulans species to invade the world. We have to Langley 1989) . What is thus striking is the observation that the populations with low copy number possess the same transposition rate as the populations with high copy number. This suggests that populations like Canberra have been temporarily assaulted by the 412 element, as is sometimes observed in laboratory strains and natural populations (Rubin, Kidwell, and Bingham 1982; Gerasimova, Mizrokhi, and Georgiev 1984; Biemont, Aouar, and Amault 1987; Leigh Brown and Moss 1987; Biemont et al. 1990 Biemont et al. , 1994 , followed by new copy number regulation and diffusion of the element toward adjacent populations (Vieira and Biemont 1996a) . The populations may also differ for specific characteristics controlling copy number, independently of transposition rate. Since selection against 412 insertions is the alternative to self-regulation as a way of maintaining copy number (Montgomery and Langley 1983; Langley et al. 1988; Charlesworth and Langley 1989; Charlesworth, Lapid, and Canada 1992b; Aulard et al. 1995; Nuzhdin 1995) , the various populations may differ in intensity of selection, perhaps in relation to the genetic constitution of the host or to environmental factors acting on cellular characteristics Biemont 1996a, 1996b) . We of course cannot exclude the possibility that some populations are in the process of gaining sites, with selection being not efficient enough to counterbalance the increasing number of copies due to transposition. Such a hypothesis is hard to accept, however, for populations like Amieu and Madagascar, which have very low 412 copy numbers. It is theoretically postulated that for selection to be efficient in maintaining average copy number, selection coefficient and transposition rate must be of the same magnitude (Charlesworth and Lapid 1989; Canada 1992a, 1992b) . The proposed values of 0.02 for selection coefficient and 10m4 for transposition rate are against the selection hypothesis. The high value of transposition rate found in our populations should render this selection hypothesis more attractive, especially if associated with better estimates of the selection coefficient (see Hoogland and Biemont 1996 for discussion).
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